Three new unsymmetrical thiophene-functionalized bisĲethylenedithio)tetrathiafulvalene (BEDT-TTF) donors (1-3) have been synthesized, characterised and examined as semiconducting materials for organic field-effect transistor (OFET) devices. The X-ray crystal structures of (1) and (2) reveal both neutral donors pack as dimers with lateral S⋯S contacts. For (1) the molecules are co-facially stacked in a head-to-tail manner with some degree of latitudinal slippage. A device prepared from a crystalline thin film of (1) deposited on unmodified silicon wafer substrate displays a mobility of 5.9 × 10 −3 cm 2 V −1 s −1 with an on/off ratio of 11. The shorter CH 2 linker in (2) results in poorer orbital overlap, likely due to significant longitudinal and latitudinal slippage between molecules in the crystal lattice. As a consequence, no field-effect response was observed for the device fabricated from (2).
Introduction
Interest in organic field-effect transistors (OFETs), and their applications as the components of organic electronics has grown significantly in recent years.
1 This is in part fuelled by technological advances in fabrication techniques that have led to solution-based deposition techniques such as spin-coating, printing and stamping that are cheaper, large area deposition methods when compared to the more traditional method of vacuum deposition. 2 Tetrathiafulvalene (TTF) derivatives have been widely studied as organic conductors and superconductors since their discovery in the 1970's. 3 They have a range of chemically and electrochemically accessible, reversible oxidation states and favourable molecular structures with strong intermolecular π-π, S⋯S and C-H⋯S interactions that facilitate good charge transport properties. 4 Within the past two decades, several TTF-donors have been successfully implemented as the active layers of OFET devices 5, 6 and the charge carrier mobilities of such materials have been related to the crystal structures of their organic donors. 7 To date mobilities greater than 10 cm 2 V −1 s −1 have been achieved by functionalizing the TTF core, which is promising for the future of organic microelectronics. 4 Thiophene-based materials on the other hand are also intensely studied as candidates for organic semiconductors and oligothiophenes, consisting of α-linked thiophene units, have been widely applied in the field of OFETs. 7-9 Interestingly, thiophenefused TTF derivatives with two redox active components have been reported to form parallel stacks of donors that facilitate good charge carrier mobilities. 9 In addition to a range of stable oxidation states, the tailoring of intra-and intermolecular interactions in both thiophene and TTF-derivatives permits their electronic properties to be fine-tuned at the molecular level. Yet the synthesis of suitable compounds with high solubilities and their incorporation into crystalline thin films with moderate conductivities for OFET devices remains a challenging task that should not be underestimated. Developing new classes of tuneable molecules is an important first step since the self-assembly of these molecules from solution requires a delicate balance between the structure-directing components which favour molecular stacking for transport properties and solubilizing groups which assist solution deposition methods. Previous research efforts in our group have focused on new synthetic methodologies for the preparation of TTF and BEDT-TTF (BEDT = bisĲethylenedithio)) donors as precursors to molecule-based conducting and/or magnetic materials. of single crystals of charge transfer salts of BEDT-TTF derivatives incorporated into OFET devices. 11 In this new study we report the synthesis of three new donors comprising ester-linked thiophene groups attached via alkyl linkers to the six-membered dithiin ring of a BEDT-TTF, 1-3. Our objectives are two-fold: i) to exploit the inter-and intramolecular H-bonding, π-π stacking and S⋯S contacts of two redox active components within a single organic donor in the solid state in order to improve charge carrier mobilities and ii) to evaluate the potential of these compounds as air stable, p-type semiconductors for incorporation into organic field-effect transistors (OFETs).
Experimental section

General considerations
All experiments were performed under a nitrogen atmosphere unless stated otherwise. Dry solvents were obtained from a Puresolve PS MD-4 solvent purification system. Hydroxyl functionalized BEDT-TTF derivatives were prepared according to procedures published elsewhere.
12,13 1 H and 13 C NMR spectra were recorded in deuterated solvents on Bruker AVANCE AV300 or AV600 NMR spectrometers and chemical shifts were determined with reference to residual solvent. IR spectra were recorded on a Mattson Research Series FT-IR spectrometer as KBr discs. EI and HR FAB mass spectrometery measurements were obtained from a KRATOS/MSI CONCEPT 1-S spectrometer. Elemental analysis (CHN) was obtained from Atlantic Microlab. Melting points were measured on a SMP10 melting point apparatus. Cyclic voltammetry measurements were recorded at room temperature under N 2 in a conventional three-electrode cell using Pt working electrodes (3 mm diameter), a Pt wire counter electrode, and a Ag/AgCl reference electrode using a BAS Epsilon potentiostat. Electronic absorption spectra were measured on a Varian 5000 UV-vis-NIR spectrophotometer. Fabricated OTFT devices were evaluated using a Keithley SCS-4200 characterization system under ambient conditions. Four-probe DC measurements were carried out on a Keithley 236 Source Measurement Unit. Optical microscope images of crystals bridging electrodes were taken with an Olympus DP 10. Synthesis of Ĳ2-thiophenoyl)oxyethyl-BEDT-TTF (1). Triethylamine (2.5 mL) and 2-thiophenecarbonyl chloride (0.13 g, 0.91 mmol) were added to a solution of hydroxyethyl-BEDT-TTF (HEET) 13a (0.30 g, 0.70 mmol) in dry THF (20 mL) at 0°C, and the mixture was stirred at RT for 17 h under N 2 . The mixture was filtered, and the filtrate partitioned between CH 2 Cl 2 (30 mL) and water (20 mL). 133.74, 133.26, 132.71 & 127.93 (2″-,3″-,4″-5″-C), 113.89, 112.98, 112.89, 111. X-ray structure determination. Single crystals of 1 and 2 were mounted on a cryoloop with paratone oil and examined on a Bruker APEX-II CCD diffractometer equipped with an Oxford Cryoflex low temperature device. Data were measured at 150(2) K using graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) and the APEX-II software.
14 Final cell constants were determined from full least squares refinement of all observed reflections. The data were corrected for absorption (SADABS). 15 Cell refinement and data-reduction were carried out by SAINT. 15 For both compounds, the structures were solved by direct methods (SHELXS-97) and refined with full least squares refinement on F 2 using SHELXL-97 within the Bruker SHELXTL suite. 16 The structure of 1 exhibited disorder in the thiophene ring that was modelled over two sites. Hydrogen atoms were placed at calculated positions and refined isotropically with a riding model using SHELXTL default parameters. Crystallographic parameters for 1 and 2 are summarized in Table 1 . Selected bond lengths and angles are provided in the ESI † (S-2 and S-3). The structures have been allocated the following CCDC deposition numbers CCDC 1016259-1016260.
Computational studies
MO calculations were carried out on 1 and 2 with DFT methods. Initial geometry optimizations were undertaken using the Pople 17 6-31G*+ basis set and B3LYP1 functional within Jaguar. 18 Subsequent single-point energy calculations were performed on the optimized structure using the larger triple zeta 6-311G-3DF-3PD basis set.
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Thin film preparation Polystyrene films comprising Ĳdonor) x -Ĳpolyiodides) y on a Si wafer 20, 21 . A polymer blend thin-film containing 1 : 1 weight ratio of donor/PS on a Si wafer substrate was prepared by spin coating a 1 wt% solution of donor/PS (1 : 1 weight ratio) in chlorobenzene at 1000 rpm for 45 s. The film was dried in a vacuum oven at 65°C for 3 h to remove any solvent residue and then deposited with Au electrodes. The film was then doped with iodine vapour from an I 2 /CH 2 Cl 2 (100 mg 20 mL −1 ) solution for 8 min at RT.
Polystyrene films comprising Ĳdonor) x -Ĳpolyiodides) y on a glass substrate 22, 23 . Non-conductive polystyrene films (MW 45 000) (20 μm thickness) on glass substrate containing a 5 wt% of molecularly dispersed donor in a polystyrene matrix were obtained by casting from a solution of PS polymer and BEDT-TTF derivative in o-dichlorobenezene at 120°C. The films were then exposed to iodine vapour from an I 2 -CH 2 Cl 2 solution (0.1 g 20 mL −1 ) for 8 min. Such treatment resulted in the formation of a continuous network containing (donor) x -(polyiodides) y in a surface layer of the polystyrene film. The weight percentage of donor relative to PS was then varied from 5 to 10 and then 20 wt% and the above procedure repeated to prepare a range of doped thin films.
OFET device fabrication and evaluation
The fabrication of the device was accomplished at ambient conditions without taking any precautions to isolate the material and device from exposure to ambient oxygen, moisture, or light. Experimental bottom-gate thin film transistor (TFT) devices were built onto an n-doped silicon wafer as the gate electrode with a 100 nm thermal SiO 2 as the dielectric layer, with or without an octyltrichlorosilane (OTS) modified monolayer. The performances were measured in a topcontact configuration (drain and source electrodes deposited above the semiconductor). Gold source and drain contacts were deposited onto the organic layer through a shadow mask. The OFET characteristics of the devices were determined at room temperature in air using a Keithley 4200 SCS semiconductor characterization system under ambient conditions. The field-effect mobility μ for 1, was calculated from the data in the saturated regime according to eqn (1):
where I SD is the source drain current at the saturated regime; W and L are the width and length of the semiconductor channel, C i is the capacitance per unit area of the gate SiO 2 dielectric layer, and V G and V T are the gate and threshold voltages. The V T of the device was determined from the relationship between the square root of I SD at the saturated regime and V G of the device by extrapolating the measured data to I SD = 0. Results and discussion
Synthetic procedures
BEDT-TTF derivatives 1-3 containing thiophene groups ( Fig. 1) were prepared in good yields by reaction of the appropriate hydroxyl donor 12, 13 with 2-thiophenecarbonyl chloride in the presence of triethylamine. All three donors were fully characterized by 1 H-and 13 C-NMR and IR spectroscopy, FAB mass spectrometry, as well as elemental analysis. X-ray quality single crystals of 3 could not be obtained due to its poor solubility in common organic solvents. Moreover its poor solubility precluded thin film and device fabrication studies, hence this compound was abandoned at this early stage. In contrast, both 1 and 2 proved more soluble in a range of organic solvents and single crystals were grown from a CH 2 Cl 2 solution via hexane diffusion.
X-ray crystallography
Neutral donors 1 and 2 were characterized by X-ray diffraction. Crystallographic data for donors 1 and 2 are summarized in Table 1 . Donor 1 crystallizes in the monoclinic space group C2/c with one unique molecule in the asymmetric unit (Fig. 2) . There is 50 : 50 disorder of two orientations of the thiophene ring in the molecule that are related by a twist of ca. 180°about the thiophene-acyl bond. The organosulfur donor is strongly distorted into a curved structure due to bends about the dithiole S⋯S vectors of 36.5°at the unsubstituted end, and 22.7°at the substituted end of the molecule (Fig. 3) . The side chain is attached at the pseudo axial position of the methylene bridge of the organosulfur donor with its CH 2 -CH 2 bond adopting a gauche conformation. The donor molecules are organized into centrosymmetric pairs in which the substituted dithiolo-dithiin rings lie opposite each other to give the head-to-tail arrangement shown in (Fig. 3) , though the S⋯S distances between them are longer than the sum of their van der Waals radii, with Pronounced curvature is not unusual for a neutral BEDT-TTF donor core that is quite flexible, unlike in its oxidized state where it adopts a close to planar configuration. This type of curvature has been observed previously in the crystal structure of enantiopure bisĲpentane-2,4-dithio)TTF 25 and for a capsulelike structure assembled from six BEDT-TTF derivatives.
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There are short S⋯S contacts that link neighbouring donor molecules in three-dimensions throughout the crystal lattice. The best planes defined by the central four sulfur atoms of each donor are only 3.246 Å apart, with shortest S⋯S contacts between S5 and S6 of neighbouring molecules of 3.495(1) Å (Fig. 4) . These pairs are stacked along the b-axis of the unit cell (Fig. 5) . In order to accommodate the thiophene-containing side-chain, the two donors that form a dimer pair are offset with respect to each other (Fig. 5, bottom) . Additional stacks lie end-to-end in the a-direction. There are S⋯S contacts between neighbouring stacks in the b-and c-directions, for which the shortest S⋯S contacts are d S7⋯S7 = 3.519(1) Å and d S4⋯S6 = 3.561(1) Å respectively (Fig. 4) . Donor 2 crystallizes in the triclinic space group P1 with one unique molecule in the asymmetric unit. The crystal structure reveals that the molecule has a more planar structure when compared to 1, with flexings about the dithiole S⋯S vectors of only 7.2 and 13.6°. The side arm adopts an C NMR data is given on donor 1. Fig. 2 Representation of the molecular structure of 1 with the atomic labeling scheme. Only one orientation of the thiophene ring is presented. extended conformation attached to the pseudo-axial position of the 1,4-dithiin ring (Fig. 6) .
In contrast to the packing arrangement of 1; molecules of 2 are arranged in a side-by-side manner with short S⋯S contacts along the a-direction of the unit cell. Each donor forms a centrosymmetric dimer with a molecule from an adjacent row, but the two molecules are significantly offset to the side from each other (Fig. 7) .
The S⋯S contacts in the a-direction (d S7⋯S8 = 3.3548(8), d S5⋯S8 = 3.3819(7), d S1⋯S2 = 3.4502(9) Å) are mostly shorter than those between offset centrosymmetric pairs (d S4⋯S6 = 3.5264(9), d S6⋯S6 = 3.5264(9) and d S1⋯S4 = 3.5604(8) Å), (Fig. 8 ). There are no significant H-bonding interactions in the crystal packing of 2.
A comparison of the crystal structures of 1 and 2 reveals the BEDT-TTF derivatives pack as dimers with lateral S⋯S contacts in both cases. A study by Rovira et al. of TTF derivatives for OFETs highlights that the supramolecular organization of the donors into chains stabilized via lateral S⋯S interactions is a suitable crystal packing arrangement for good charge carrier mobilities in OFETs.
9 For the two neutral donors, the longer, evenly spaced ĲCH 2 ) n side chain (n = 2) in 1 results in no longitudinal slippage with Φ 1 angles all close to 90°, Fig. 9 . The degree of latitudinal slippage however is significant with Φ 2 angles of 43°and 59°between neighbouring donors which reduces the orbital overlap. The distances between the two centroids of the neighbouring 1,4-dithiine rings in 1 are in the range of 4.349-4.713 Å, too long to be considered as π-π interactions. For donor 2 with the shorter CH 2 linker, both the longitudinal and latitudinal slippage angles deviate considerably from 90°, with Φ 1 = 31°a nd 55°and Φ 2 = 31 and 54°, indicating that the degree of orbital overlap is poor which could significantly reduce the strength of any π-π interactions and compromise the electron transport properties of the oxidized donors after doping (vide infra). This is also reflected in the centroid-to-centroid distances between the closest 1,4-dithiin rings of 2 which are in the range of 5.292 to 5.614 Å, approximately 1 Å longer than those previously discussed for 1. The larger degree of slippage observed for this donor is due to the need to accommodate the thiophene substituent which requires more space due to its shorter, less flexible CH 2 linker.
Electrochemical properties
The redox potentials of 1-3 were investigated by cyclic voltammetry. The results are summarized in Table 2 . All three donors show two reversible single-electron redox processes corresponding to the formation of the radical cation and dication respectively at similar potentials to the unsubstituted BEDT-TTF donor. The cyclic voltammograms for the thiophene donors 1-3 are presented in Fig. 10 . The CV curves were referenced to a Ag/AgCl reference electrode.
The calculated HOMO densities of 1 and 2 are similar. The HOMO density is high on the sulfur atoms of the TTF core, but negligible on the sulfur atoms of the thiophene rings (Fig. 11) . In this respect, although intermolecular interactions from both the TTF and thiophene rings contribute to the crystal packing, it is the short contacts between adjacent TTF donors that are crucial for good charge carrier mobilities and so the electronic properties of 1 should not be significantly affected by the positional disorder of the thiophene rings.
Thin film studies
The good solubilities of thiophene-functionalized donors 1 and 2 in conventional organic solvents permitted the preparation of polymer-blend thin films via spin coating techniques (see ESI †).
1b The films were then doped with iodine vapor from an I 2 /CH 2 Cl 2 solution. Compared to devices incorporating single crystals, conducting networks formed within a surface layer of a polymer blend offer additional advantages that include higher stabilities, flexibilities and lower densities. FET characterization of doped films comprising of a 1 : 1 weight ratio of 1 or 2 relative to polystyrene (PS) deposited on an unmodified silica wafer substrate showed I DS -V DS curves of ohmic and linear properties consistent with quasiconducting behaviour and all the I-V curves overlapped with each other when the gate voltage was changed from 10 to −40 V in 10 V intervals (Fig. 12) . For both compounds, the thickness of the films was approximately 27 nm (vide infra). The specific conductivity for the doped film of 1/PS was determined to be 1 × 10 −5 S cm −1 . As expected, the un-doped film displayed a lower specific conductivity of 5.6 × 10 −7 S cm −1 .
The plot in Fig. 12 (c) reveals that I 2 -doped films of 2/PS exhibit a similar I-V profile to 1, showing ohmic and linear properties in the measured V DS range between 0 and −40 V, along with the gate voltage V G changing from 10 to −40 V in sequence.
The specific conductivity of the doped film of 2/PS was measured to be 3.5 × 10 −5 S cm −1 , the same order of magnitude as doped 1/PS. The un-doped film of 2 gave rise to the I DS -V DS profile shown in Fig. 11(d) , consistent with an insulating material. It should be pointed out that the actual thickness of the conducting layer might be much smaller than the polymer film thickness. For example, for a 10 μm polycarbonate film containing 2 wt% BEDT-TTF, the conducting layer of (BEDT-TTF) 2 I 3 formed from iodine vapor doping was estimated to be 140 nm. 20b Therefore, it is quite possible that the above iodine doped polymer composite films have conductivities higher than recorded. Unfortunately, donor 3 was not sufficiently soluble in organic solvents for thin film fabrication. In order to further study the electronic properties of the polymer blend thin-films by Vis-NIR spectroscopy, surface conducting polystyrene (PS) films of stoichiometry Ĳdonor) x -Ĳpolyiodides) y deposited on a glass substrate were Fig. 9 Angles ϕ 1 and ϕ 2 used to evaluate the degree of longitudinal and latitudinal slippage between neighbouring BEDT-TTF derivatives within a stack. 
Fig. 11
The HOMO coefficients on 1 and 2 (DFT B3LYP/6-31GĲd)) (see ESI †).
prepared from donors 1 and 2, applying a two-step reticulate doping technique following the literature methods reported for similar families of organosulfur donors. 20d,22,23 In contrast to the previous thin film study, the wt% of donor in the PS composite was varied. It should be noted that since the real thickness of the conducting layer is unknown, the exact resistivity and specific conductivity of the network cannot not be determined and in contrast to the films deposited onto silica wafers, this solution casting method afforded thicker films. Un-doped samples of 1 and 2 exhibited insulating behaviour with conductivities comparable to the glass substrate. Initially, doped films of 1/PS and 2/PS were also insulators however, when the content ratio of 1 was increased in the polymer composite, the doped film showed an increase in conductivity. In this respect, a doped film of 20 wt% of 1/PS showed a conductivity of 3.7 × 10 −3 S cm −1 (calculated using the film thickness 20 μm as the conducting layer thickness), which is about 10 4 times higher than the 5 wt% composite.
The I DS -V DS plots in Fig. 12 also reveal that the conductivity of doped donor/PS (1 : 1) polymer films on a Si-wafer decreases in the order of 2 > 1, which is consistent with results measured for the doped films deposited on the glass substrate. A comparison of Vis-NIR spectra for a doped film of 1, when the wt% of 1 in polystyrene was varied before doping, is shown in (Fig. 13) . The spectrum of the doped polymer of 5 wt% donor composite shows no absorption bands corresponding to mixed-valence charge transfer (CT) states of the organosulfur donors, while the broad absorption band in the region 1250-1500 nm is attributed to a charge transfer between fully ionized donor molecules in the insulating layer. 27 When the ratio of donor 1 is increased to 10 and 20 wt% respectively, new bands at λ = 940 and 3000 nm emerge assigned to mixed-valence CT states that are consistent with the increase in conductivity. 28 The growth of the low-energy band corresponding to intra-band or inter-site transitions may in part be attributed to the construction of a π-conducting network with increasing the donor ratio. It is also likely that in the case of the 5 wt% doped polymer composite, the smaller amount of the donor is all consumed by iodine and becomes fully oxidized. As the percentage ratio of donor 1 is increased, the concentration of fully oxidised salts in the polymer matrix decreases, while the mixed-valence CT salts become dominant in the polymer film.
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OFET characteristics
Thin films (40-60 nm) of 1 and 2 were prepared by spin coating a 1 wt% of a chlorobenzene solution onto both octyltrichlorosilane (OTS) modified and unmodified substrates. 1b Unfortunately, films deposited on OTS-modified substrates were of poor quality. However a thin film of 1 deposited on unmodified substrate afforded long, thin dendritic crystals during the drying process in vacuo at 60°C. The performances of the thin films of 1 and 2 were measured in a top-contact configuration with Au electrodes. An image of one of the measured crystals of 1 lying across two gold electrodes is shown in Fig. 14 . The output and transfer characteristics of the device based on 1 is shown in Fig. 15 . The film exhibits negative amplification and performs as a p-type transistor with a well-defined linear saturation regime, i.e. when a more negative V G is applied; more holes are induced in the semiconductor and the current increases. The device incorporating donor 1 shows a mobility of 5.9 × 10 −3 cm 2 V −1 s −1 with a current on/off ratio of 11. The threshold voltage (V T ) of this device is relatively high (ca. 30 V), indicating the existence of rich carriers in the active layer under zero gate voltage which also might account for the low on/off current ratio. 23 Unfortunately, no obvious field-effect was observed for the device prepared from 2. This could be due to: (i) the composition of the thin film (which comprised polycrystalline grains rather than dendritic crystals) which may have impaired the charge carrier transport, or (ii) the shorter alkyl spacer in 2 that increases the slippage between donor molecules in the crystalline film, thus reducing efficient orbital overlap, weakening π-π interactions and impairing the charge transport properties. Previous studies on TTF derivatives 5a,9a have
shown that there is a clear correlation between the crystal structure of the organic donors and device performance and that certain packing arrangements facilitate charge carrier mobilities in solution processable thin films. In this context, the arrangement of BEDT-TTF donors comprising of dimers stabilized via lateral S⋯S interactions is reported as one of the most suitable crystal packing arrangements for the preparation of OFETs. 9a Unfortunately, the poor solubility of 3 in organic solvents coupled with its instability with respect to the vacuum deposition process rendered it an unsuitable candidate for incorporation into a solution processable device. To summarize, charge transport in organic semiconductors arises from interplay between intra-and intermolecular interactions which depend on the chemical nature of the individual molecules as well as their organization within the crystal lattice. Doped thin films comprising of donor 1 or 2 in a polystyrene matrix displayed conductivity. The device performance of thin films prepared via spin coating donors 1 and 2 onto an unmodified silicon wafer substrate were the most sensitive to the structural changes in the organic linker with 1 displaying a mobility of 5.9 × 10 −3 cm 2 V −1 s −1 with an on/off ratio of 11, and 2 showing absolutely no FET response at all.
Conclusions
Three new BEDT-TTF derivatives with thiophene substituents have been prepared and characterized. This study highlights how subtle changes to the CH 2 linker of a thiophene appended BEDT-TTF derivative has a marked impact upon the crystal packing of the neutral molecules and the electrical properties of the resulting thin films. It also reveals that the structural modifications necessary to optimise solubility (for device fabrication) and those which dictate supramolecular interactions (and charge carrier mobility for device performance) are frequently not mutually exclusive phenomena. Not only can small modifications to the organic framework of the organic molecules considerably change their molecular structures and thus their electronic properties, but also the solubilities of the molecules in conventional organic solvents can be dramatically altered, which is an important consideration when targeting solution processable materials for device applications. In addition, the self-organization of the polymer going from solution into the solid state is greatly dependent on the deposition process, which can lead to different packing arrangements and degrees of crystallinity that also has an impact on the electronic properties of the devices.
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Future studies to prepare and test the electron transport properties of symmetrical and unsymmetrical substituted BEDT-TTF derivatives bridged by both odd and even ĲCH 2 ) n linkers are planned to shed more light on the relationship between molecular structure, thin film morphology and electrical performance in this family of compounds. Ongoing studies together with the Xerox Research Centre of Canada are in progress to new screen families of chemically tuneable BEDT-TTF derivatives, working towards the realization of soluble, crystalline donors and their incorporation into thin films for the fabrication of low cost, solution processable OFET devices. 
